Abstract: Anthracyclines, and doxorubicin in particular, remain a mainstay of sarcoma therapy. Despite modest activity and significant toxicities, no cytotoxic monotherapy has yet yielded superior overall survival over doxorubicin for therapy of advanced soft tissue sarcomas in a randomized trial. Similarly, combination regimens have also been unable to overcome doxorubicin in terms of overall survival. Strategies to ameliorate the most prominent side effect of doxorubicin, cardiotoxicity, are available, but their use in sarcoma patients has been limited. Aldoxorubicin is a prodrug consisting of doxorubicin with a covalent linker. It binds rapidly after intravenous infusion to cysteine-34 of human serum albumin. The drug-albumin conjugate is preferentially retained in tumor tissue, with uptake into tumoral cells. At physiologic pH, the complex is stable. Hydrolysis can occur under the acidic conditions of the endocytic lysosome, releasing doxorubicin. Doxorubicin then distributes to various cellular compartments, including Golgi, mitochondrion, and nucleus, with subsequent cytotoxic effects. Aldoxorubicin has demonstrated in vitro and in vivo activities in both cancer model systems and human xenografts. Preclinical models also support its decreased cardiac effects vs doxorubicin, although such promising results require formal comparison at efficacy equivalent doses of the two drugs. Phase I studies confirmed the tolerability of aldoxorubicin in humans. Clinical cardiotoxicity was not observed, but molecular and subclinical cardiac effects could be demonstrated. A Phase II study in treatment-naïve, advanced sarcoma patients demonstrated improved progression-free survival and response rate over doxorubicin, although no survival benefit was evident. A Phase III study of aldoxorubicin vs investigator's choice from a panel of chemotherapy regimens in the salvage setting was unable to demonstrate a benefit in progression-free or overall survival in the entire population. Progression-free survival in L-sarcomas (leiomyosarcomas and liposarcomas) was documented. While evidence of subclinical cardiac effects was seen in a small proportion of aldoxorubicin-treated patients, data from both the Phase II and III studies indicated a favorable cardiotoxicity profile vs doxorubicin. Despite the negative results from this Phase III study, the importance of anthracycline therapy in sarcoma management merits further investigation of the potential role of aldoxorubicin in this indication. Other avenues for progress include identification of sensitive histologies and biomarkers of activity, exploration of clinical niches without proven standard therapies, and exploration of alternate dosing strategies.
Introduction
Sarcomas are a diverse group of mesenchymal neoplasms. At least 50 different subtypes exist, some of which are individually quite rare. In the United States in 2019, there will be an estimated 12,750 new cases and 5,270 deaths for soft-tissue sarcomas (STS) and 3,500 cases and 1,660 deaths for bone sarcomas. 1 The impact of these conditions is magnified by the relatively young age population being affected. The National Cancer Institute has recognized sarcomas as an area of unmet need in its Roadmap for Sarcoma Research. 2 Surgical resection remains the mainstay of primary treatment. 3 Radiation therapy frequently plays a role in the neoadjuvant, adjuvant, or palliative settings. Use of systemic therapy is primarily reserved for the advanced disease setting. 4, 5 For several subtypes primarily associated with the pediatric population (osteosarcoma, Ewing's sarcoma, rhabdomyosarcoma), systemic therapy is an important component of the primary therapy. 4, 6, 7 Systemic neoadjuvant or adjuvant therapy may be used in the primary treatment of other sarcoma subtypes, although the benefit of such therapy is less certain. 4, 6, 8 Doses of aldoxorubicin are referred in primary studies in terms of both absolute dose of aldoxorubicin and doxorubicin equivalent (DE) doses. To avoid confusion, for all doses of aldoxorubicin discussed, the dose in the referenced publication is stated. If this is in reference to the DE dose, this is indicated by "DE" after the dose. If dosing in the publication is in absolute amounts of aldoxorubicin, this is stated, along with the DE indicated parenthetically thereafter. References to free doxorubicin concentrations and dosing are indicated in DE. References to amounts of epirubicin, an alternate anthracycline, or doxorubicinol, a metabolite of doxorubicin, are simply indicated in the absolute amounts of each moiety.
Doxorubicin (DOX) in the management of sarcomas
Since its introduction in the 1970s, DOX essentially remains either the backbone of multi-drug sarcoma treatment regimens or the primary monotherapy treatment for advanced sarcoma treatment (eg, see recent clinical trials assessing DOX-based combinations vs DOX monotherapy in STS). [9] [10] [11] [12] Consequently, DOX has been employed in investigations of sarcoma treatment on numerous occasions. Several studies are available to characterize its activity in sarcoma management. A large meta-analysis of anthracyclines in STS management estimated objective response rate (ORR) of 26% and median overall survival (OS) of 51 weeks/12.7 months. 13 Kaplan-Meier curves for overall survival (OS) were superimposable for all of the included treatment arms. The ORR estimate in this metaanalysis included a variety of clinical trials using older technologies to estimate ORR and thus may overestimate this parameter vs more recent trials. In addition, this study included studies of anthracycline-based combinations, which might be anticipated to yield a higher ORR than anthracycline monotherapy.
Enrolling patients from 2003 to 2010, Judson et al assigned DOX to 228 patients to the control arm of this randomized trial comparing DOX to DOX and ifosfamide (IFOS). 9 This trial remedied some of the methodological limitations of earlier trials: modern imaging assessment techniques were used; histologies non-responsive to chemotherapy were excluded; and the trial was adequately powered to address the scientific questions. Consequently, the control arm of this trial yielded high-quality estimates of DOX monotherapy activity in STS.
DOX (75 mg/m 2 doxorubicin equivalent [DE] every 21 days) yielded estimated median overall survival (mOS) and median progression-free survival (mPFS) of 12.8 months (95% CI 10.5-14.3 months) and 4.6 months (95% CI 2.9-5.6 months), respectively. The ORR estimate, according to Response Evaluation Criteria in Solid Tumors (RECIST) 1.0 criteria, was 14% (95% CI 9.5%-19%). This is lower than that reported by Van Glabbeke et al, likely due more modern imaging assessment methods and inclusion of multi-agent, anthracycline-based combinations in the meta-analysis. 9, 13 Remarkably, the mOS for DOX monotherapy was virtually identical to that reported in the meta-analysis.
DOX has been studied extensively in combination regimens. Combinations with IFOS, alone or with other agents, have been the focus of efforts to improve the outcomes of anthracycline-based therapy. Multiple randomized clinical trials, reported over the course of .20 years, have failed to demonstrate a survival benefit in advanced STS for the DOX/ IFOS combination, vs DOX alone. 9, [14] [15] [16] In recent years, several novel agents have been assessed in large, randomized Phase III clinical trials to determine whether they enhance the clinical activity of DOX in STS. These include two novel derivatives of IFOS, palifosfamide and evofosfamide, and the humanized monoclonal antibody (mAb) olaratumab, targeting platelet-derived growth factor-α. 10, 11, 17, 18 
Strategies to avoid DOX-mediated cardiotoxicity
The Achilles' heel of anthracycline therapy, even when demonstrably effective, is dose-dependent cardiomyopathy. This has been recognized essentially since the introduction of anthracycline antineoplastics in the 1960s. The clinical condition appears to have acute (during treatment administration), early-chronic (up to 1 year after therapy completion), and latechronic phases (.1 year after treatment completion). 19, 20 Estimates of the frequency of these effects vary, although ,1%, 1.6%-2.1%, and 1.6%-5%, respectively, have been proposed. Late effects have been observed decades after treatment.
Increased risk is associated with a variety of treatment and clinical factors. 21 Patient factors include extremes of age, pre-existing heart disease, female sex, hypertension, and prior receipt of mediastinal irradiation. Treatment factors include rate of drug administration and, critically, cumulative anthracycline dose. Cumulative doses ,300 mg/m 2 DE have generally been associated with low rates of cardiotoxicity, representing a threshold value for the institution of cardioprotective maneuvers. 22 Several strategies have been explored to minimize cardiotoxicity. Limiting anthracycline dosing, possibly a viable solution in the pediatric setting, may not be viable in an adult demonstrating benefit for treatment of metastatic disease. 23 Altering the manner of drug administration from bolus to continuous intravenous infusion (CIV) is another strategy. 24 Several older randomized trials in breast cancer and sarcoma treatment have indicated that CIV may reduce anthracycline cardiotoxicity. [25] [26] [27] A meta-analysis favored CIV to decrease cardiotoxicity. 28 Despite these results, uptake of this strategy has been limited in sarcoma treatment: a recently conducted clinical trial, in which investigators could administer DOX by either CIV or bolus, demonstrated use of CIV in only 84/640 (13%) of patients enrolled. 29 Dexrazoxane was designed to prevent cardiotoxicity associated with anthracycline use. It acts as a free radical scavenger, one of the postulated mechanisms of anthracycline cardiotoxicity. 30 Multiple randomized studies, primarily in breast cancer patients, but also in adult and pediatric sarcoma patients, indicate that dexrazoxane pretreatment can significantly decrease the incidence of anthracycline cardiotoxicity. [31] [32] [33] [34] These studies face methodological criticisms, including limited sample sizes and differing definitions and assessment methods for cardiotoxicity. In the pediatric population, dexrazoxane yields a 14.7-and 12.3-fold decreases in the incidence at 20 years for 300 and 400 mg/m 2 DE cumulative DOX. 23 A final strategy to reduce cardiotoxicity has been the development of anthracycline derivatives with less cardiotoxicity. Epirubicin, a DOX analog with lower equidose cardiotoxicity, was not found to be a superior alternative to DOX in sarcoma treatment. 28, [35] [36] [37] [38] Liposomal forms of DOX have been proposed as a less cardiotoxic alternative. For example, a retrospective study in 141 heavily pretreated metastatic breast cancer patients showed no significant cardiotoxicity. 39 Two patients demonstrated abnormalities on electrocardiogram and one experienced a subclinical decrease in left ventricular ejection fraction (LVEF). A meta-analysis supported the observation of decreased clinical and subclinical cardiotoxicity of liposomal anthracycline preparations. 28 A number of clinical trials have explored liposomal DOX in sarcoma therapy. [40] [41] [42] [43] No clinical cardiac toxicity was reported. Clinical activity was modest. In the one randomized Phase II study, enrolling 94 patients, ORR was 10% for liposomal DOX and 9% for conventional DOX. 42 Inclusion of patients with gastrointestinal stromal tumors, a relatively chemotherapy-insensitive histology, may explain the low clinical activity observed.
Development of aldoxorubicin (ALDOX)
ALDOX ( [6-maleimidocaproyl] hydrazone derivative of DOX) was originally derived to allow conjugation of DOX to thiol-containing mAbs. 44 It has a long chemical half-life (T 1/2 =158 hours) under neutral conditions (pH =7). Decomposition with the release of free DOX occurs much more rapidly (T 1/2 =3.2 hours) under acidic conditions (pH =5) consistent with the endocytic lysosome.
Early studies of ALDOX used BR96, a mAb that binds a tumor antigen expressed on human carcinomas and closely related to Lewis Y. 44 After binding, BR96 is internalized into endocytic lysosomes. ALDOX-conjugated BR96 demonstrated a 50-fold improvement in the 50% Inhibitory Concentration (IC 50 ) in vitro vs a non-binding control mAb in the L2987 lung carcinoma model.
Further experiments employing BR96 were conducted in xenograft models to assess the ALDOX-derivatized mAb in vivo. 45 Significant activity, including long-term (.1 year) cures in mice, was obtained after administration of the BR96-DOX conjugate in human lung, colon, and breast carcinoma xenografts. 45 Neither optimized doses of DOX, BR96 alone, mixtures of DOX with unconjugated BR96, 
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Cranmer nor ALDOX conjugates of control mAb yielded significant antitumor activity.
ALDOX conjugation to transferrin and albumin sought to target antineoplastic drugs more selectively to tumor tissues. 46, 47 The presumed mechanism of action is illustrated in Figure 1 . Preferential intratumoral accumulation of macromolecules, particularly albumin, has long been recognized ( Figure 1A) . [48] [49] [50] [51] Albumin has a number of additional advantages as a drug carrier, including its availability in pure form, relative stability, lack of immunogenicity, lack of toxicity, and biodegradability. 46 The ALDOX conjugate of albumin demonstrated in vitro activity comparable to free DOX in breast and leukemia cell lines. 46 Similar conjugates designed to be non-acid hydrolysable Figure 1 Mechanism of action of aldoxorubicin. (A) intravenously administered aldoxorubicin forms a covalent bond with the free thiol of cysteine-34 in circulating human serum albumin. The drug-albumin conjugate is retained in tumors due to its size, poor tumoral blood flow, and absent tumoral lymphatic system. 46,48-52,65 (B) At the level of the tumor cell, the drug-albumin conjugate is internalized into the endocytic lysosome. The acidic internal environment of the lysosome catalyzes release of free doxorubicin from the conjugate. This then traffics intracellularly to the Golgi, mitochondrion, and nucleus, where doxorubicin mediates cytotoxic effects.
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Cranmer were inactive. This confirmed the importance of the acid hydrolysable linker in the activity of these compounds, allowing putative drug release in the acidic lysosome environment.
Using an albumin conjugate with a phenylacetyl linker, rather than the aliphatic linker of ALDOX, Kratz et al demonstrated in vitro binding of the DOX prodrug to human serum albumin. 52 Specifically, the resulting albumin conjugate was bound to the free cysteine at position 34 (cysteine-34) of human serum albumin ( Figure 1A ). This unusual functional group represents one of the few known free thiol groups in a circulating protein. 53 Further investigations characterized the activity of ALDOX in detail. 53 Binding to cysteine-34 of albumin was confirmed. Molecular modeling indicated that the spacer containing five methylene residues, the molecule originally identified by Willner et al, was optimal for binding at this site. 44 Binding was confirmed to both exogenous human serum albumin and endogenous human serum albumin in blood plasma. 53 Coupling of the ALDOX prodrug to albumin was complete after 2 minutes incubation in vitro and was associated almost entirely with the albumin component of plasma. In whole human blood, ~90% of ALDOX binds human albumin in the plasma phase, near the theoretical maximum amount that can be so distributed. In contrast, only 30% of free DOX is found in the plasma, consistent with sequestration of the majority of DOX in blood cells.
Incubation of ALDOX with MCF-7 tumor cells yielded gradually increasing amounts of free DOX, confirming intracellular release of free DOX. In vitro and in vivo antitumoral activities of ALDOX were also observed. Collectively, these data confirmed that ALDOX can be administered as a prodrug to bind its albumin target in whole blood, the ALDOX-albumin conjugate is taken up by tumor cells, free DOX is released from the tumor cells, and antitumoral activity is evident. Administration of the ALDOX prodrug is simpler to implement than preparation and administration of exogenously derivatized human albumin.
The intracellular distributions of DOX-protein conjugates, liposomal DOX, and free DOX in LXFL 529 lung carcinoma cell line were compared using confocal microscopy ( Figure 1B) . 54 This study used the albumin conjugate with a phenylacetylhydrazone linker, as opposed to ALDOX, for the acid-hydrolysable DOX-albumin construct. All tested preparations demonstrated cytotoxicity, apart from a non-acid hydrolysable conjugate of human albumin, again confirming the importance of acid hydrolysis for the activity of DOX-albumin conjugates.
Four hours after the addition of drug, the intracellular localizations of DOX were different. While free DOX was largely localized to the nucleus, DOX conjugates were primarily cytoplasmic. Interestingly, lysosomal localization was absent, indicating that this step in the proposed mechanism leads to rapid egress from the lysosome. By 24 hours, the intracellular distributions of free and hydrolysable albumin-bound preparations were similar, consistent with the liberation of free DOX from the conjugate. In contrast, the transferrin and non-hydrolysable albumin constructs were not found in the nucleus at 24 hours. Both of the latter preparations were also less active or inactive, respectively, in cytotoxicity assays vs free DOX or hydrolysable albuminbound preparations.
These data are consistent with the proposed mechanism of albumin-bound DOX: the initial trafficking of the conjugate is different than free DOX, but becomes similar after acid hydrolysis and release of free DOX. Albumin as a carrier more closely approximates the intracellular management of free DOX after release than does transferrin. Efficient hydrolysis of the bound DOX is important for activity. Nuclear localization of DOX appears important for the cytotoxic activity. While activities targeted at DNA have been thought of as the dominant mode of anthracycline activity, other mechanisms of action involving other organelles have also been identified. 55 In LXFL 529, the nuclear activities may predominate. 54 
Preclinical studies of ALDOX
Extensive preclinical studies have documented the activity of ALDOX and related derivatives in models of human cancer. Using a phenylacetyl spacer instead of the aliphatic spacer of ALDOX, acid-hydrolysable, albumin-bound DOX demonstrated IC 50 approximating that of free DOX in clonogenic assays of 12 diverse human xenografts. 56 The drug-albumin conjugate also demonstrated superior activity to free DOX in the MDA-MB-435 human carcinoma model. This may have been due to reduced toxicity of the drug conjugate, allowing greater DE doses to be administered. Parenthetically, the MDA-MB-435 model, while initially thought to represent a breast carcinoma line, presently is thought to be melanoma. 57 Administration of ALDOX itself has been assessed in a variety of human xenografts. One of the challenges in these studies is the selection of doses for comparison, allowing a fair comparison of drugs. In xenograft studies of MDA-MB-435, ALDOX showed similar or better tumor growth inhibition vs equimolar concentrations of DOX. 53, 56 This included doses in which DOX exceeded the toxicity threshold in the murine xenograft system. ALDOX appears to have efficacy in this experimental system at least comparable to DOX, if not greater. In 3366 breast carcinoma, A2780 ovarian carcinoma, and H209 small cell lung carcinoma, ALDOX achieves greater tumor inhibition than free DOX. 58 This may be due to its favorable toxicity profile, allowing a 3-to 4.5-fold increase in its DE dosing. Combinations of ALDOX and free DOX in the A2780 ovarian carcinoma and MIA PaCa-2 pancreatic carcinoma models may be even more effective. 59 In part, this may reflect a decreased toxicity of the combination regimen, with similar antineoplastic effects mediated by lower cumulative DOX doses. In addition, albumin-bound and free DOX may have somewhat different mechanisms of action, as hinted by the earlier confocal microscopy studies showing their different intracellular drug trafficking patterns. 54 Extensive studies have been conducted in myeloma. 60 Angiogenesis was inhibited by ALDOX in a concentration-and pH-dependent manner, along with correlated expression of Flk-1. Two xenograft models were established from myeloma patients. ALDOX demonstrated significant single-agent activity and moreover enhanced the activity of bortezomib. Uptake of albumin into the actual myeloma tumors was confirmed through visualization with Evans' blue, an albumin-binding dye.
A major problem with DOX, highlighted earlier, is dose-dependent cardiomyopathy. ALDOX was designed to preferentially accumulate in tumors, hopefully sparing the myocardium. To assess this preclinically, rats received equimolar doses of free DOX or ALDOX (low-dose), or a dose of ALDOX equivalent to three times the equimolar dose (highdose). 61 The DOX dose was selected based on its being equitoxic to that administered in the high-dose ALDOX group. 62 After seven weekly doses, assessment at 48 weeks of rats treated with free DOX demonstrated clinical, histopathological and molecular markers of severe myocardial damage. 61 Out of 15 rats treated, five died before completion of the study. In contrast, only one of 20 ALDOX-treated rats died before study completion, without gross pathologic changes. Clinical signs were comparable to the untreated control group. Heart weight in the low-dose ALDOX group was similar to control, while that of the high-dose ALDOX group was slightly higher than controls. Hearts in the DOX-treated rats were significantly increased in weight above all other groups. Pleural effusions, hepatomegaly, or macroscopic renal changes were not present in control or ALDOX-treated groups, in contrast to virtually every member of the free DOX-treated cohort.
Histologic and molecular markers also indicated decreased myocardial effects of ALDOX vs free DOX. However, detectable effects were not entirely absent. In the high-dose ALDOX group, histological markers of myocardial damage, depressed mitochondrial DNA copy number, and elevated superoxide levels were present, although to a significantly lesser extent than those treated with free DOX. Mitochondrial DNA deletions were present in both DOX-and ALDOX-treated rats, although to a lesser extent in the latter. As a control, the same markers of mitochondrial damage were assessed in skeletal muscle. This tissue did not demonstrate the same pattern of damage, indicating that changes were specific to the myocardium.
These data indicate that ALDOX has less cardiotoxicity than free DOX, on an equimolar basis, in this rat model. High-dose ALDOX still elevated some markers of mitochondrial damage in a dose-dependent manner, indicating that the drug is not free from cardiac effects. The dose selected for the high-dose ALDOX group, judged equitoxic to the selected free DOX dose, seems to have a lesser effect than free DOX on indices of cardiac damage. This is noted despite administration of a threefold greater absolute amount of DEs. One would hypothesize that an ALDOX dose could be identified yielding evidence for cardiotoxicity similar to the DOX dose selected. The authors did not report such higher dose studies, preventing clear delineation of the cardiotoxicity dose-response curve. In this experimental model, ALDOX does not eliminate anthracycline cardiotoxicity.
In anticipation of first-in-human studies, a preclinical toxicity study was conducted. 62 This was conducted in CD-1 mice, Sprague-Dawley rats, and Beagle dogs. In mice and rats, the minimum LD 50 was 2-to .5-fold higher than for an equivalent dose of free DOX. A dose-dependent peripheral neuropathy occurred in mice and rats, about 1-3 weeks after administration, similar to a phenomenon observed in these species with DOX. Hematologic effects in rats were decreased threefold vs DOX in repeat dosing studies, although testicular/oligospermia were similar at equitoxic doses. In rats, the ALDOX no-observed-adverse-effect level (NOAEL) of 4 weekly doses of 2.5 mg/kg DE was identical to the maximum tolerated dose (MTD) of DOX.
In Beagle dogs, the NOAEL was 2 weekly ALDOX doses of 1.5 mg/kg DE, approximately twice the MTD of DOX. Some dogs experienced a histamine-like reactions within 3 hours of dosing. Temporary hematologic, urinary, and histopathologic effects were noted in animals receiving midrange or high doses (3.0 and 4.5 mg/kg DE, respectively). The authors recommended a starting dose of 20 mg/m 2 DE ALDOX for human Phase I studies.
Phase I clinical studies of ALDOX
The first-in-human Phase I study of ALDOX was conducted as a conventional 3+3 dose escalation, starting at a dose of Other than clinically asymptomatic electrocardiographic changes in three patients, no cardiac changes were observed. No echocardiographic (ECHO) changes suggestive of heart failure were identified. This was observed despite administration in some patients of ALDOX doses averaging 1,650 mg/m 2 DE, significantly more than dosing of free DOX leading to heart failure in more than 50% of treated patients. These results confirmed the earlier preclinical studies indicating that ALDOX had a more favorable cardiac toxicity profile than DOX, assuming equipotency of the two drugs. Confirmation of this observation could only be undertaken in a formal comparison of the two agents.
Pharmacokinetic (PK) studies were conducted assuming a noncompartmental analysis, using a model requiring constant infusion. The analytical methods described in the report assessed total DOX within the plasma samples (albumin-bound + free). These studies indicated a terminal half-life of ALDOX of 17.6-38.2 hours, similar to that of free DOX. Mean area under curve (AUC) values of 234.5-2,547 h µmol/L of albumin-bound DOX were much higher than the value of 3 h µmol/L anticipated for DOX. This is consistent with the prolonged residence of albuminbound DOX in the circulation, vs the rapid and extensive distribution of free DOX from plasma into tissues. 64 Corresponding to this elevated AUC is a lower rate of clearance of ALDOX from the circulation of 2.15-3.37 mL/min/m 2 , vs 580 mL/min/m 2 for DOX. The volume of distribution (V D ) was 2.14-7.28 L/m 2 vs 700-1,000 L/m 2 for DOX. Only 1.4%-7.7% of administered ALDOX was excreted in the urine, similar to the proportion of free DOX so eliminated. 64 Since prolonged circulation in the blood is necessary for enhanced tumoral accumulation of the albumin-drug conjugate, these human PK parameters are consistent with the design objectives of ALDOX: to enhance tumoral targeting of the chemotherapy warhead. 63, 65 Further characterization of the PK profile of ALDOX was undertaken in a study to assess a new formulation of ALDOX. 66 The higher dose level included the RP2D from the prior Phase I study. 63 Prior DOX dosing was allowed, although the number of such patients was not reported. Those with clinically significant heart disease were excluded. Eight patients had lung cancer, while the remainder represented a variety of malignancies. One STS patient was included.
A key methodological difference in this second PK study was inclusion of analyses specifically investigating free DOX and the metabolite doxorubicinol, as well as albumin-bound DOX. Doxorubicinol is proposed to play a major role in DOX cardiotoxicity. 67 After the initial dose of DOX, the time to peak plasma concentrations (t max ) of ALDOX and free DOX were similar (0. 75 , 260 mg/m 2 DE). Peak plasma concentrations (C max ) of albumin-bound DOX (mean 67,400-105,000 ng/mL DE) were 40-to 300-fold higher on an individual basis than C max of free DOX (mean 1,200-2,470 mg/mL DE). Mean C max of doxorubicinol levels were near the limits of detection (4.17-13.7 ng/mL). The latter finding may explain decreased or absent cardiotoxicity after ALDOX administration. 67 The mean circulating half-life of ALDOX was measured at 20. 63 only small amounts of DOX were detectable in urine, the majority as unchanged drug. Doxorubicinol was present in only trace quantities in the urine. These data indicate that ALDOX is stable in the circulation without substantial accumulation in non-bloodstream compartments. In addition, the bulk of DOX circulating in the plasma remains bound to albumin, rather than free.
Grade 3 or 4 adverse events were observed on eight occasions in the lower dosing group and 14 occasions in the higher dosing group. 66 Assessment for cardiac adverse events was an important clinical objective of the study. 
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Cranmer Ten patients had prolongation of QTc .5% from baseline, and one patient had a QTc .500 ms. These were not considered clinically significant. One patient had a nonclinically significant decrease in LVEF of .10%. No other evidence of potential cardiotoxicity was noted.
A Phase Ib/II study was conducted to assess a new formulation of ALDOX. 68 It is unclear from the clinical report whether this represents the same formulation as described in the Phase I study of Mita et , both patients experienced grade 3-4 neutropenia, one with febrile neutropenia, leading to closure of the cohort. At MTD, myelosuppression, nausea/vomiting, fatigue, and stomatitis/mucositis were observed in at least three of the 18 patients. One patient died of septic shock due to urinary tract infection and neutropenia. From the cardiac perspective, no significant changes in LVEF were observed. One patient experienced QTc prolongation to .500 ms. Seven patients demonstrated elevated troponin levels judged to be clinically insignificant.
A Phase Ib/II study was reported in abstract/poster form in which patients with metastatic solid tumors received ALDOX and gemcitabine. 69 Primary endpoints were safety and identification of RP2D. ALDOX was administered on day 1 and gemcitabine was administered on days 1 and 8 of a 21-day cycle. Thrombocytopenia was the dose-limiting toxicity, with myelosuppression, infectious complications, and stomatitis also being prominent toxicities. No clinically significant cardiac toxicity was reported among the 27 enrolled patients, although 6/27 experienced at least a 10% decrease in LVEF. 
Efficacy studies of ALDOX in the management of STSs
STS has been a major focus of the efficacy assessments of ALDOX to date ( Table 1 ). The Phase Ib/II study noted above also attempted to assess the treatment efficacy of ALDOX, especially in STS. 68 Among all patients enrolled in this trial, five (20%) experienced a PR, as assessed by RECIST Primary endpoint of the study was PFS. Both local investigator and central review for PFS were undertaken. It is unclear from the report which of these two reviews served as the primary endpoint assessment, although both were statistically significant (see below). OS, ORR by RECIST 1.1, and safety/adverse events were also assessed.
Of 126 eligible patients, 86 were randomly assigned to ALDOX and 40 to DOX. Seven (6%) patients had received prior DOX. Three patients in the ALDOX group withdrew consent prior to treatment and were not evaluable. All DOX patients received assigned treatment. Patients were evaluable with respect to the final efficacy analysis if treated with at least one dose of study drug and evaluated by one imaging study beyond baseline (described as a "modified intent-totreat" [ITT] analysis).
Whether by investigator or blinded central review, the study met its primary endpoint. PFS was improved in the ALDOX group (investigator: mPFS 8.3 months, 95% CI 6.4-9.7 months; central: mPFS 5.6 months, 95% CI 3.0-8.1 months) vs the DOX group (investigator: mPFS 4.6 months, 95% CI 2.7-5.9 months; central: mPFS 2.7 months, 95% CI 1.6-4.3 months; investigator: P=0.001; central: P=0.02). There was no statistically significant improvement in OS, a secondary study endpoint (ALDOX: mOS =15.8 months, 95% CI 13.0 months to not reached; DOX: mOS =14.3 months, 95% CI 8.6-20.6 months; HR =0.73, 95% CI 0.44-1.20, P=0.21). However, the study was not powered to assess the OS endpoint. ORR both by investigator (23% vs 5%, P=0.01) and central review (25% vs 0%, P=0.0007) favored ALDOX.
Adverse events in the ALDOX group mirrored those in the antecedent studies. Nausea, vomiting, stomatitis, alopecia, and decreased appetite were reported in .20% of patients. The frequency of these was greater among ALDOXtreated patients. Grade 3-4 toxicity was also more frequent in the ALDOX-treated patients (80% vs 58%, P=0.01). Abbreviations: ALDOX, aldoxorubicin; De, doxorubicin equivalent; DOX, doxorubicin; L-sarcomas, leiomyosarcomas and liposarcomas; mOS, median overall survival; mPFS, median progression-free survival; MTD, maximum tolerated dose; NR, not reached; ORR, objective response rate; OS, overall survival; PFS, progression-free survival; PK, pharmacokinetic; PR, partial response; RP2D, recommended Phase ii dose; STS, soft tissue sarcoma.
From the cardiac standpoint, no patients experienced clinical cardiac dysfunction, based on clinical or imaging grounds, during treatment or in follow-up up to 11 months after treatment. LVEF decreased below 50% in three DOXtreated patients. During treatment, 12% of ALDOX-and 29% of DOX-treated patients experienced at least a 10% reduction in LVEF from baseline. Another measure of cardiac effects, serum troponin, was unchanged in ALDOX-treated patients from baseline, but was increased in DOX-treated patients until 5 months after treatment completion.
A Phase III study of ALDOX in STS was subsequently conducted. 71 Its design differed significantly from the antecedent randomized Phase II. 70 The Phase III study enrolled STS patients who had relapsed after, or were refractory to, initial systemic therapy. Patients were randomized to either ALDOX 350 mg/m 2 (260 mg/m 2 DE) every 3 weeks or investigator's choice of one of three pre-selected regimens at a given participating institution. The control regimens included dacarbazine, pazopanib, gemcitabine/docetaxel, DOX, or IFOS, all administered according to institutional standards. The primary endpoint was PFS among the ITT population, as assessed by central radiology review. Additional prespecified analyses included geographic outcomes for this international trial, histologic subtype (leiomyosarcoma/ liposarcoma vs others), and receipt of prior DOX.
A total of 433 patients were randomized 1:1, with 218 assigned to ALDOX and 215 assigned to the control arm. Two thirds of the patients in each group received prior DOX. L-sarcomas comprised 55% of the ALDOX patients (42% leiomyosarcoma, 13% liposarcoma) and 59% of the control group (44% leiomyosarcoma, 15% liposarcoma). Among 213 ALDOX-treated patients who received planned therapy, cumulative median dosing of ALDOX was 1,400 mg/m 2 (1,040 mg/m 2 DE). PFS, the primary endpoint, was not significantly improved (ALDOX: mPFS 4.11 months, 95% CI 2. 
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Cranmer drug discontinuation were all higher in the ALDOX-treated group.
Echocardiographic data were presented comparing the ALDOX-treated patients (n=213) with the subset of control patients treated with DOX (n=47). A decrease in LVEF of at least 20% from baseline was seen in 8/213 ALDOX-treated patients and 4/43 DOX-treated patients (P=0.116). A decrease in LVEF to ,50% was observed in 9/213 ALDOX-treated patients and 9/47 receiving DOX (P,0.001). These groups are not necessarily entirely comparable. Two thirds of ALDOX-treated patients received prior DOX. One would presume that most or all patients receiving DOX had not received the agent previously. Comparison of only DOX-naïve patients in each group would perhaps give a more accurate picture. In addition, accounting for differential follow-up duration might lead to a more rigorous comparison. Nevertheless, in this study administering a 3. Additional studies in other malignancies have been reported. In glioblastoma, a Phase II study of ALDOX in first relapse demonstrated that 3/21 (14%) patients with PR were evaluable. 74 Pseudoprogression was documented surgically in two patients who showed radiological evidence of progression. This suggests that ALDOX may penetrate the central nervous system in humans, as indicated preclinically. 75 Preliminary evidence of ALDOX activity in AIDS-associated Kaposi's sarcoma has been reported. 76 Partial responses were observed in 10/15 enrolled patients. This was seen even in patients with visceral progressive disease with prior DOX-based therapy. Studies in small cell lung cancer vs topotecan (NCT 0200757) and as monotherapy in pancreatic cancer (NCT01580397) are reportedly in progress (see ClinicalTrials.gov).
Current status of ALDOX and directions for future study
Numerous clinical trials have attempted to supplant DOX in sarcoma treatment. None have yet succeeded. In some ways, this is surprising. First, DOX is not a highly active drug. Randomized trials of DOX, or any other anthracycline, vs placebo have not been conducted, and such studies will almost certainly not be. Thus, the impact of anthracycline therapy on survival in advanced sarcomas is unclear. However, ORR, probably best estimated by Judson et al at 14%, is modest. 9 This low rate may simply reflect the wide diversity of histologies that fall under the "sarcoma" label, with some histologies being more anthracycline-responsive than others. Perhaps it is unreasonable to expect that any cytotoxic monotherapy would achieve ORR in sarcomas markedly higher than this.
Of course, the second problem with DOX is toxicity, specifically its dose-dependent cardiotoxicity. Even when the drug is having a demonstrably beneficial effect, it must eventually be discontinued. Strategies, discussed earlier, have been developed to address anthracycline cardiotoxicity. Despite the great dependence of sarcoma treatment on anthracycline therapy, uptake of approaches to minimize cardiotoxicity has been surprisingly limited. 29 ALDOX comes upon this scene with several potential advantages. There is a strong preclinical data set supporting its use in this setting. Its novel mechanism may allow preferential targeting of the drug to tumors. Experimental systems and multiple in-human studies support the proposed mechanism. Preclinical studies suggest activity of ALDOX at least comparable to DOX, if not superior.
Assuming superiority, several mechanisms might be invoked to explain ALDOX superiority. These include preferential targeting of drug to tumors, allowance of greater DE doses to be administered, existence of an antineoplastic mechanism distinct from DOX, or any combination of these. Fundamental to clarification of these questions is definitive confirmation of superior efficacy of ALDOX vs DOX. Such evidence does not yet exist in humans.
A major argument in favor of ALDOX is decreased cardiac effects vs DOX. Data from both experimental systems and human studies suggest that cardiotoxicity is less prominent with ALDOX. Confirmation of this requires 1) comparing doses of ALDOX and DOX that are at least equipotent from an efficacy standpoint and 2) monitoring patients for cardiotoxicity after sufficient drug dosing and follow-up periods to allow meaningful comparison with data for DOX and other anthracyclines. Better characterization of the ALDOX doseresponse relationship with regard to cardiotoxicity is needed to confirm decreased cardiotoxicity vs DOX. Critically, studies of ALDOX do not indicate absent cardiac effects, despite their being deemed subclinical in studies to date. 63, 66, [68] [69] [70] [71] The clinical experience in sarcomas at present is best captured by the randomized Phase II and III clinical trials 
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Cranmer discussed above. 70, 71 The Phase II study appears to have been a well-designed and conducted study assessing preliminarily the activity and safety of ALDOX vs DOX in STS. Two points in the trial's design are important to consider while evaluating the Phase II results and interpreting the results of the subsequent Phase III trial.
First, this study enrolled patients who were naïve to systemic therapy for advanced disease. Only 13 of 123 evaluable patients received neoadjuvant or adjuvant chemotherapy. Presumably, most of this subgroup received DOX-based therapy. No significant work has yet been undertaken to define mechanisms of acquired resistance to ALDOX. It would not be surprising if resistance mechanisms were shared with conventional DOX. That 89% of the participants had not been exposed to prior chemotherapy minimized this problem. Exclusion of all patients with prior anthracycline therapy should have been considered. Second, PFS was the primary endpoint. 77 This is a perfectly reasonable endpoint in this setting to assess whether a more rigorous Phase III assessment should be conducted. The trial achieved this target. OS was not significantly improved. Based on the size of the trial, the observed hazard ratio for OS of 0.73, and the 2:1 treatment allocation, the statistical power of the trial to detect such a difference was only 42%. With 2:1 treatment allocation, a trial of 351 evaluable patients would have been required to have 80% statistical power to detect such a difference.
Overall, the Phase II trial results give reasonably strong evidence to support undertaking a confirmatory Phase III trial. Design of Phase III trials from antecedent Phase II designs and outcomes is challenging. 78 A simple repeat of a Phase II on a larger scale is rarely adequate. Alteration in endpoints (such as defining a co-primary endpoint of PFS and OS), treatment, study population, or any other factor can alter the study enough to alter outcomes. The clinical trial size noted above (n=351), with some additional patients added to account for practical considerations such as drop-out, could reasonably have been conducted to confirm the OS result seen (HR =0.73 in the Phase II trial). Notably, this is approximately the degree of improvement in OS sought by three large recent trials in STS that used OS as primary endpoint. [9] [10] [11] A positive trial would have had a major impact on the sarcoma field. Even a study that demonstrated improved PFS and decreased cardiac effects, without improvement in OS, could reasonably have led to regulatory approval. Further development did not proceed in this manner.
The Phase III study looked at a very different clinical scenario: salvage treatment in disease either relapsed after or refractory to initial therapy. 71 The decision to change the focus of ALDOX development in sarcomas may have been driven by other clinical trials being conducted or planned in parallel, such as the DOX combinations with palifosfamide, evofosfamide, or olaratumab. 10, 11, 18 As noted above, these trials ultimately showed no improvement over DOX, but that was unknown at the time the ALDOX Phase III trial was being designed and executed.
The primary endpoint of PFS was selected. 71 Several sarcoma drugs have been approved in the same setting with PFS as the primary endpoint and no OS improvement (eg, pazopanib, trabectedin). 79, 80 The size of the trial (n=433 randomized) would have been more than able to accommodate the design size noted above (n=351) to even detect a difference in OS similar to that seen in the Phase II study. 70 A critical factor was the fraction of patients with prior DOX exposure. While this amounted to 11% in the Phase II study, two thirds of the Phase III patients had prior DOX exposure and had progressed. 71 If acquired resistance to DOX can lead to some degree of ALDOX cross-resistance, then this high proportion of anthracycline-exposed patients will place ALDOX at a disadvantage.
Although the control population included 47/215 who received DOX therapy as assigned treatment, the remainder received agents that would not be expected to have a high degree of cross-resistance to DOX. At best, the high proportion of DOX-treated patients has no effect. More likely, prior DOX exposure and resistance impaired ALDOX responsiveness and had a lesser impact on the control treatments. This would tend to minimize differences between the two study arms.
Unfortunately, PFS was not improved in the overall population. There was improvement in PFS among L-sarcomas (leiomyosarcoma and liposarcoma), making up 57% of the study population. This was not coupled with additional outcome improvements (such as OS or ORR) that might have justified regulatory submission for approval in this subgroup. A similar outcome was seen in a trial of eribulin in L-sarcomas, where regulatory approval was ultimately granted only for liposarcoma treatment, despite an overall statistical improvement in OS for the entire study population. 
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Cranmer was actually conducted. That Phase III trial neither answered the key question nor provided another route for approval.
Several routes for further development in sarcomas are evident. The obvious avenue is through a confirmatory Phase III study which closely approximates the Phase II study. The design should 1) focus on co-primary endpoints of PFS and cardiac toxicity with adequate power and follow-up, 2) exclude those with prior anthracycline therapy, 3) enroll STS patients who are treatment-naïve for advanced unresectable or metastatic disease, 4) include evaluation of activity in L-sarcomas as a planned PFS subgroup analysis, and 5) be adequately powered to also evaluate the OS endpoint, even if defined as secondary.
Alternatively, if there was concern that ALDOX may not be able to demonstrate superiority DOX on standard clinical criteria, then a non-inferiority trial could be undertaken, with decreased cardiotoxicity as a co-primary outcome. Here, the primary objective would be to demonstrate the ability of ALDOX to substitute for DOX, with the objective of demonstrating ALDOX superiority with respect to cardiotoxicity. Selection of dosing for such a trial is important, although the Phase III dosing of ALDOX (350 mg/m 2 =260 mg/m 2 DE) is probably reasonable, given its prior use suggesting lower cardiotoxicity than conventional doses of DOX (75 mg/m 2 DE) and evidence of activity in the STS setting from the Phase II trial. Non-inferiority designs however face large patient requirements, based on the degree of non-inferiority that must be confirmed. Such a trial may or may not be practical.
A third strategy would be to look for niches into which ALDOX could fit. This could involve identification of sensitive histologies (eg, activity in L-sarcomas indicated by the Phase III, similar for the development of eribulin and trabectedin 80, 81 ) or biomarkers of response. Development in clinical settings for which no proven standard therapy yet exists could also be considered. Neoadjuvant STS therapy arguably falls into this category. Exploration of alternate dosing strategies, such as prolonged lower-dose administration, could also be productive. Any of these approaches would require generation of more preliminary data prior to a registration trial, and thus are more prolonged approaches than either of the strategies noted above based on the randomized Phase II trial results in the advanced/ metastatic setting.
Conclusion
ALDOX has been developed to exploit novel biological observations, with the intent of improving the therapeutic index of DOX. STSs are one of the few classes of neoplasms where DOX monotherapy remains standard (as of February 2019), first-line therapy for advanced disease. 9, 18 The present time (February 2019) offers a window-of-opportunity for such a trial. Multiple recent Phase III trials to examine agents that would supplement DOX in STS have reported negative results, most recently a trial of olaratumab. [9] [10] [11] 18 DOX monotherapy remains a viable standard comparator therapy. The limitations of the previously conducted ALDOX Phase III study should not preclude further evaluation of ALDOX in sarcomas. The current data set suggests that ALDOX could be an important addition to the sarcoma treatment armamentarium, and one that would finally allow the sarcoma field to move forward, to a world beyond DOX.
